ABSTRACT We report an atomically-resolved scanning tunneling microscopy (STM) investigation of the edges of graphene grains synthesized on Cu foils by chemical vapor deposition (CVD). Most of the edges are macroscopically parallel to the zigzag directions of graphene lattice. These edges have microscopic roughness that is found to also follow zigzag directions at atomic scale, displaying many ~120 turns. A prominent standing wave pattern with periodicity ~3a/4 (a being the graphene lattice constant) is observed near a rare-occurring armchair-oriented edge. Observed features of this wave pattern are consistent with the electronic intervalley backscattering predicted to occur at armchair edges but not at zigzag edges.
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Scanning tunneling microscopy (STM) is a powerful tool to characterize the local structural and electronic properties of graphene down to atomic scale. However, it has been challenging to perform atomically-resolved STM imaging of edges of a single layer graphene to clearly demonstrate their atomic structures and orientation dependent electronic properties 9 . In this report, we present atomically resolved STM images showing unprecedented details of the atomic structure and roughness of zigzag edges in chemical vapor deposited graphene single crystal grains grown on Cu foils. We also observe a striking standing wave pattern parallel to an armchair edge, with features consistent with the electronic intervalley backscattering expected to occur at armchair but not zigzag edges.
Our studies were performed on hexagonally-shaped graphene grains (with typical size of several microns or bigger) synthesized ex-situ by ambient chemical vapor deposition (CVD) on Cu foils 11 (see Supporting Information). Our previous work 11, 12 has shown that such grains are monolayer single crystalline graphene, with edges predominantly exhibiting macroscopic orientations parallel to zigzag directions. In the current work, such graphene grains as-grown on Cu substrates are placed in an UHV (ultrahigh vacuum) STM system and annealed at ~400 another example in Figure S1a ). The edge is observed to consist mostly of shorter segments (with 4 observed lengths ranging from a few to tens of lattice spacing) of atomically smooth zigzag configuration. The orientations of these locally-perfect zigzag segments can be parallel or 120 from the "global" orientation (Z 1 ) of the edge. Therefore, the edge takes a distinctive "zigzag-roughened" shape and displays many ~120 turns, while maintaining both the local and global zigzag orientations. Such "zigzag-roughened" edge structure is found in all the zigzag edges (the predominant edge types in our samples) we have imaged.
We note that the relative stability of zigzag versus armchair edges in graphene has been theoretically debated [13] [14] [15] [16] , with different conclusions reached in different calculations. Experimentally, both armchair and zigzag oriented edges (which may still have microscopic roughness) have been found in graphene prepared by different methods. Exfoliated graphene flakes appear to show zigzag and armchair edges with comparable likelihood 8, 9, 17 . On the other hand, graphene grains grown on various metal surfaces [18] [19] [20] appear to prefer zigzag edges, while those grown on SiC (0001) appear to prefer armchair edges 21 ,
suggesting that the stability of zigzag versus armchair edges may depend on various factors, such as graphene's local environment (particularly substrates). Both the global 11 and local orientations of the edges of our graphene grains are found to be predominantly parallel to zigzag directions, suggesting that zigzag edges are strongly preferred in this system. The ubiquitous occurrence of zigzag-oriented edges we observed, spanning a wide range of length scales (from microns to angstroms, Figures. 1 and S1 ), may shed new light on the structures of graphene edges, as well as provide insights on the growth mechanisms and kinematics of CVD graphene on Cu.
Although the dominant majority of the edges in our graphene grains are found to be zigzag-oriented 11 ,
we did observe one rare-occurring armchair-oriented edge (labeled by the dotted line in Figure 2a , forming ~30 angle with two nearby zigzag-oriented edges labeled by dashed lines). This is so far the only armchair edge we found in our STM experiments, despite our efforts to search for more. Figure 2b shows a 3D rendition of a high resolution STM topographic image acquired from the area indicated by the dotted red box in Figure 2a . We observe a striking standing wave like pattern parallel to the armchair 5 edge (dotted white line, where the wave pattern has made it difficult to image the armchair edge itself at atomic scale). In contrast, such a wave pattern is not observed (within our imaging resolution) near the zigzag edge in Figure It is well known that STM is sensitive to the local electronic density of states (DOS) and standing wave patterns resulted from electronic scattering are often revealed (even at room temperatures) in STM topographs [23] [24] [25] . While more work is needed to confirm whether the standing wave pattern observed at the sole armchair edge we found in our samples is a generic phenomenon for armchair edges in graphene, several features including the direction (normal to the armchair), periodicity (~3a/4) and wavevector (~2K=8π/3a) of the standing wave pattern shown in Figure 2 are all consistent with a predicted intervalley backscattering induced by the armchair edge 7 . Such an intervalley backscattering connects two 6 Dirac cones (Figure 3c , "K" and "-K", where the length of the "K" vector is the ΓK distance = 4π/3a) 22 oppositely located from Γ point in the momentum space (Figure 3b ), corresponding to a scattering wavevector of 2K. Several Raman spectroscopy studies 7,9,26 of graphene edges have suggested 7 that an armchair edge (terminated by both "A" and "B" sub-lattice sites, Figure 3d ) induces strong intervalley backscattering, as the backscattering direction (normal to the edge) is well aligned with an intervalley scattering wavevector (2K). In contrast, intervalley backscattering is suppressed at a zigzag edge (terminated by "A" sites only) as such an alignment does not occur (instead the backscattering direction makes a 30 angle with a 2K vector). In our experiments, the standing wave pattern shown in Figure 2 was only observed at this armchair edge. It was not observed at any of the (many) zigzag edges we studied nor in any other regions inside graphene grains or on Cu surfaces (including at Cu surface steps), thus unlikely to be associated with some random topography features (unrelated to armchair edges) of graphene or Cu surfaces. It is also unlikely to be related to the "2k Recently, a scattering pattern with wavevector close to K (periodicity ~2π/K=3a/2) has been observed by STM near armchair-oriented edges of graphene grown on SiC (0001) 23 . The authors 23 also related this scattering pattern with intervalley backscattering, and attributed the apparent "doubling" of the observed periodicity (from the expected 2π/2K for intervalley backscattering) as due to the localization of electronic DOS along the C-C bonds in graphene, resulting in the "missing" of every other oscillation. In comparison, our observed scattering pattern has wavevector ~2K (periodicity ~2π/2K), as expected for intervalley backscattering. We suggest that this difference may be related to the different substrates, 17, 21 , probably due to the obscuring effect of interfering multiple scatterings from edges of different directions in such small size systems. The short "propagation distance" (on the order of a few nm's, beyond which the oscillation is no longer discernible) of the wave pattern we observed ( Figures. 2b, 2c) may be generally attributed to thermally induced dephasing of electrons in such room temperature measurements 23 .
Chemical vapor deposition (CVD) of graphene on Cu foils has emerged as one of the most promising routes to scalable production of graphene for a wide range of applications 27, 28 . STM studies can be highly valuable to understand the growth mechanism of such CVD graphene and its structural and electronic properties at atomic scale. Such a system is also particularly convenient to perform fundamental STM studies of graphene as single layer graphene can be easily synthesized on Cu substrates, which only weakly interacts with (and perturbs) graphene 11,29 while providing a highly conductive substrate facilitating STM of graphene and its edges.
Atomically-resolved images of graphene edges and edge roughness such as those shown in this work ( Figures. 1 and S1 ) could provide a precise characterization of the disorder due to edge roughness that can strongly affect the behavior of graphene nanoelectronic devices 10 . It is interesting to note that, despite their microscopic roughness, the zigzag-oriented edges (whose global and local orientations both follow zigzag directions) of our graphene grains do not appear to scatter electrons strongly, enabling the atomic structure of such edges to be well resolved without being masked by scattering patterns (in contrast to the armchair edge in Figure. 
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Graphene grains were grown by CVD (CH 4 as carbon stock) on Cu foils at ambient pressure S1 . First, a
Cu foil (25-µm-thick, 99.8%, Alfa Aesar) was loaded into a CVD tube furnace and heated up to 1050 ºC under 300 sccm Ar and 10 sccm H 2 . After reaching 1050 ºC, the sample was annealed for 30 min without changing the gas flow rates. The growth was then carried out at 1050 ºC under a gas mixture of 300 sccm diluted (in Ar) CH 4 (concentration 8 ppm) and 10 sccm of H 2 . The growth time was kept short (10-15 min) so that the graphene grains have not merged to form a continuous film S1 . Finally, the sample was rapidly cooled to room temperature under the protection of Ar and H 2 . After the growth, the sample (graphene grains on Cu) was moved into an Omicron ultra-high vacuum (UHV) STM system and oscillation periods (λ) of the wave pattern and 6 units of graphene lattice constants (a). Fig. 2c is resized from the boxed area (red dashed lines) to partially correct a small distortion in this image (Fig. S2a) resulted from a hysteresis in STM tip movement and sample/tip drift. The correction for Fig. 2c used the expected graphene honeycomb lattice inside the grain as a guide and has no appreciable effect on the λ/a value extracted.
